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PREFACE

The Solar Energy Research Institute (SERI), a division of the Midwest Research
Institute, has been authorized by the U.S. Department of Energy to provide
technical management services for the Advanced/Innovative Wind Energy Concepts
(AIWEC) Program. The objective of the AIWEC Program is to assess the tech-—
nical feasibility and support research and development of innovative wind
energy concepts.

The use of natural convection to extract energy has often been proposed to the
AIWEC Program. Thus, a theoretical study of Natural Convection Energy Conver-
sion Systems (NCECS) was undertaken by this Program. The purpose of the study
was to determine what performance potential might be expected from these
systems, considering various environmental and operational parameters. This
report summarizes the assumptions, analyses, and results of that study.

Approved for
SOLAR ENERGY RESEARCH INSTITUTE

(PN
Ao ,(A) Tl

Donald Ritchie, Manager
Solar Electric Conversion Research
Division
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SUMMARY

Using the phenomenon of natural convection, or buoyancy, has often been pro-
posed as a way to utilize solar energy. The general approach is to generate a
natural convection flow within a confining structure such as a tower, Natural
convection can provide either a heated (rising) or a cooled (sinking) flow.
Heated natural convection flow can be achieved by direct collection of inci-
dent solar radiation. This type of solar energy collection would occur at the
base of the system, and the flow would exit at the top. With cooled natural
convection flow, heat would be extracted at the top and the flow would exit at
the base of the system. One of the more obvious methods of extracting heat
utilizes the latent heat of vaporization of evaporating water. Because the
heat content of the ambient air is essentially provided by solar energy, the
cooled natural convection energy conversion system can also be considered a
solar-powered device. Note that heat collection or extraction can also occur
within the confining structure.

This report summarizes theoretical analyses of the ideal thermodynamic cycle
efficiencies potentially attainable by natural convection energy conversion
systems. Assuming ideal processes (i.e., no frictional or thermal losses),
appropriate thermodynamic models could be developed for both heated and cooled
systems. Tower configurations were assumed for the analyses. However, the
results are applicable to all structural configurations intended to utilize
the natural convection phenomenon. Other possible configurations include
geodesic domes and natural or man-made channels utilizing mountainous or hilly
terrain., Computer simulations of these models were used to facilitate calcu-
lation procedures.

Ambient atmospheric conditions, such as a very stable lapse rate and high
relative humidity, can have significantly adverse effects on the performance
of mnatural convection towers. The ideal conversion efficiencies of both
heated and cooled towers decrease as the lapse rate, or vertical temperature
gradient, decreases within its stable range. Maximum performance is achieved
for an adiabatic atmosphere corresponding to the maximum or neutrally stable
lapse rate. Increases in ambient relative humidity significantly affect
cooled natural convection tower performance, both by limiting heat extraction
from the intake airflow and by reducing the ideal conversion efficiency for
absolutely stable lapse rates. Analysis also shows that ideally, natural con-
vection towers would provide higher conversion efficiencies in cooler cli-
mates, yet would produce less power because of lower insolation levels for the
heated tower and diminished heat extraction from the cooled tower.

To determine the economic potential of natural convection towers, a cost study
would be needed. However, some conclusions can be drawn from this study
regarding performance limitations with significant economic impacts. For
example, the low conversion efficiencies of heated natural counvection towers
would necessitate a very large solar collector area for useful power output
levels. Thus, solar collector costs and associated land requirements may
severely limit the potential of heated natural convection towers. Similarly,
the cooled natural convection tower would be most efficient in a low-humidity
environment. However, except in coastal regions, low humidity and abundant
water supplies usually are mutually exclusive, thus limiting the applicability
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of cooled natural convection towers. Both the performance and the cost of
natural convection towers increase with tower height. Further analysis, then,
would be needed to ascertain the most cost-effective tower height.
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NOMENCLATURE
A cross—sectional area of flow
cp specific heat at coustant pressure
Cy specific heat at constant volume
g gravitational constant
m mixing ratio (kgy,..r vapor/kgair)
m mass flow rate (= pAV)
P pressure
4 heat added to flow at tower bagse
Qout heat lost or extracted from flow at top of tower
r relative humidity (= m/ms)
R gas constant
T temperature
v flow velocity
Yout work or power extracted by turbine
¥oump ideal water pumping requirements for evaporative cooling system
A height

Greek Symbols

Y ratio of specific heats (cp/cv)

Am increase of mixing ratio due to evaporative cooling

Apy pressure drop across turbine

ATC temperature decrease due to Qout

ATh temperature iﬁcrease due to 94in

AT temperature increase due to solar energy collection by tower

tower

ix



TR-1950

S=RA @

A vertical temperature gradient or lapse rate (= -dT/dz)
M energy conversion efficiency
NCarnot Carnot efficiency
o} density
Subscripts
a adiabatic
A,B,C,
D,E thermodynamic states
d dry air
m air/water vapor mixture
o initial condition
s saturated
€ turbine
v water vapor
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SECTION 1.0

INTRODUCT ION

The phenomenon of natural convection, or buoyancy, has often been proposed for
use in solar energy conversion to produce either heated (rising) or cooled
(sinking) flow within a confining structure such as a tower (chimney), a geo-
desic dome, or a closed channel utilizing natural terrain. Heated natural
convection can be achieved by direct collection of incideiit solar energy to an
inflow at the base of the system. For cooled natural convection, heat would
be extracted from the inflow at the top and the flow would exit at the base of
the system. The heat can most easily be extracted by making use of the latent
heat of vaporization for evaporating water.

This paper summarizes theoretical analyses of the ideal conversion efficien-
cies attainable by natural convection energy conversion systems (NCECS).
Although the analyses employ the tower (chimney) configuration, the results
are applicable to any open-cycle NCECS. Schematics of solar-powered heated
and cooled natural convection towers are shown in Figures l-1 and 1-2, respec-
tively. Because the convective flow can be thought of as an induced wind,
such systems are often considered wind energy conversion devices. However, an
NCECS is more properly described as a heat engine with a corresponding thermo-
dynamic cycle and a thermodynamic efficiency. In essence, an NCECS exploits
the energy differential between the artificial atmosphere created within its
confining structure and the ambient atmosphere.

Air Flow §
Solar e g
Radiation
\‘\‘ @ & Tower or
Chimney

. Solar Energy
Glazing 4 Collector

Generator

Turbine

Figure 1-1. A Heated Natural Convection Tower (Chimney)
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Turbine—/ \ \CE) Water

Supply
Generator

Figure 1-2. A Cooled Natural Couvection Tower (Chimney)
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SECTION 2.0

HEATED NATURAL CONVECTION TOWERS

The thermodynamic cycle representing an ideal heated natural convection tower
in a dry adiabatic atmosphere is shown in Figure 2-1. The dashed lines depict
processes occurring within the atmosphere outside the tower. The thermody-—
namic states A,B,C,D, and E correspond to the equivalently labeled positions
in Figure 1-1. The five constituent processes of this cycle are as follows:

l.

Isobaric heating of inlet air by solar energy collection. The tempera-
ture increase is disobaric because of the open-cycle configuration
[Leg A-B].

Power extraction by adiabatic, isentropic expansion through a turbine.
Turbine, transmission, and generator losses are neglected [Leg B-C].

Adiabatic, isentropic expansion of the flow within the tower downstream
of the turbine [Leg C-B]l.

Isobaric cooling of the exhaust flow from the tower exit into ambient
conditions [Leg D-E].

The variation of ambient alr pressure and temperature as a function of
height for a dry adiabatic atmosphere. Nonadiabatic temperature and
pressure gradients are also discussed [Leg E-A]l.

A @
» Qin (isobaric) 2
3 S
1 8

Al
& o ' Wout
N (adiabatic,
) ) .
I isentropic)
ol
ol
S
Ty
<
b
E D
Jout (iSObaric)
Temperature

Figure 2-1. Schematic of Thermodynamic Cycle for a Heated
Natural Convection Tower. (Dashed lines represent
atmospheric processes.)
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Barring saturated conditions, humidity effects would be insignificant; there-
fore, they can be neglected. 1In addition, dynamlc pressures are neglected by
presuming that the system can be configured so as to eliminate dynamic pres-
sure effects on the thermodynamic state variables, All losses, such as fric-
tion, mechanical, and heat losses, are assumed to be zero, and all heat
exchange and work processes are assumed to be 1007 efficient. Any real system
would incur these losses, however, and resulting efficiencies would be lower
than the ideal case.

2.1 TIDEAL CONVERSION EFFICIENCY OF A HEATED BATURAL CORVECTION TOWER

The energy conversion efficiency of a heated natural convection tower repre-
sented by the thermodynamic cycle shown in Figure 2-1 is given by

W
n = Sout (2-1)

Qin
where w . is the work output (i.e., the power extracted by the turbine), and
is the heat input provided by solar energy collection. w is defined as

q
n
tﬁe product of the volume flow rate and the pressure drop across the turbine:

Voae AtvtApt . (2-2)
At 100% collection efficiency, 9, 1s equivalent to the increase in enthalpy
of the air flow, or
= f y
4, mcpATh , (2-3)

where # is the mass flow rate, c_ 1s the specific heat at constant pressure,
and AT-h is the increase in air “temperature. Because of continuity, (i.e.,
conservation of mass), @ can be defined as & = p AV, where p. is the mean alr
density through the furbine. Equation Z-1 can then be reduced to yield

A
- e (2-4)
Pe p~k b

Fgquation 2~4 shows that the ideal conversion efficiency of a heated natural
convection tower is limited by the maximum possible Ap, attainable for a given
ATy and is independent of flow rate and tower cross-sectional area.

2.1.7 The Carnot Bificiency

The heabed natural convection fower is a heat engine; hence, it cannot exceed
the efficiency of s Carnot cyvele with the same hot and cold resevvoirs (i.e.,
with the same temperatures as the ambient atmosphere at the tower inlet and
exit heights). DMNote that the Carnot efficiency wmust be bhased on a dry adia-
batic atmosphere. Thus,
= - 2-5

Tcarnot ! Ta ( )
For an idealized heated natural convection tower, Egs. 2-4 and 2-5 furnish
equivalent results for a dry adiabatic atmosphere. However, Eg. 2-4 provides
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greater insight into performance parameters and limitations and is, therefore,
the basis of the present analysis.

2.1.2 Sawmple Calculation of Heated Natural Convection Tower Performance

The following is a sample calculation of the ideal conversion efficiency of a
304.8-m (1000-ft)-high heated natural convection tower employing the thermody-
namic cycle represented in Figure 2-1, The initial conditions assumed are

Py = pg = 101,325 Pa (2116.2 psf);
Tp = 288.15 K (518.7 R);

Zy = Zg = 2g < 03
cpq = 1005 Nt-m/kgK (186.8 ft-lbg/IbR)

Yq = cp/cV = l.4; and

Ry = 287.05 Nt-m/kgK (53.35 ft*lbf/lme).

Ry = ¢, - ¢, is the gas constant for dry air. The values chosen for p, and Ty
are thg base conditions assumed by the NACA Standard Atmosphere [1].

The turbine exit pressure (pg) is most easily derived by first determining the
tower exit pressure (pD). For a dry adiabatic atmosphere, p(z) and T(z) as
functions of initial pressure (po) and temperature (To) at height z_, are given

o]
by

(a8 (1D - 2 ) | &/ T D
p(z) = |1 - e - P, (2-6)
Ya*ato °
and (Yd- 1)/Yd
T(z) = [ p(z) ] T, (2-7)
p0

respectively. Equations 2-6 and 2-7 are derived in Appendix A and yield, for
Po = Pa» Tg = Ty, and 2z, = 2z, = 0,

9 1.4/(1.4-1)
(9.8 m/s )(l.4 - 1)(304.8 m)

(1.4)(287.05 n°/s°K))(288.15 K)

101,325 Pa

= 97,713 Pa (2040.8 psf) ,

and

3
|

(1.4-1)/1.4
= [ 97,713 Pa] 288.15 K

101,325 Ppa

it

285.18 K (513.3 R) .
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TD is found by assuming a value for AT, the decrease in temperature necessary
to return the exhaust flow to the ambient air temperature at the tower exit
height (zD). ATy is implicitly chosen by this assumption. For the present
calculation, AT, is assumed to be 11.0 K (19.8 R), giving Tp = 296.18 K
(533.1 R). Because the cooling process is idealized as isobaric, pp = pg =
97,713 Pa (2040.8 psf).

Assuming that the flow within the tower is adiabatic, Eqs. 2-6 and 2-7 can
again be employed to give pg = 101,189 Pa (2113.4 psf) and T = 299.15 X
(538.5 R). With ps, and T, known and p, = » Eq. 2-7 then yields Ty =
299.26 X (538.7 R). Thus, AT, = T, - Tg = 11.11%? {20.0 R), and from Eq. 2-4:

- PB; Pc (2-8)
Pra®pa™h

(101,325 - 101,189) Nt/m2
(1.180 kg/m3)(1005 Nt-m/kgK)(11.11 K)

i

= 1.03% .

The Carnot efficiency as given by Eq. 2~5 is also 1.037%, thereby confirming

the validity of the analysis. The density of pggq = 1.180 kg/m3 is based on
the perfect gas equation:

ord = Pt/RqTe >

where T, and p, are the mean temperature and pressure of the flow during the
turbine expansion process.

2.2 'TOWER HEIGHT FEFFECTS ON HEATED NATURAL CONVECTIOH TOWER PERFORMANCE

Varying the height (ZE) of the heated natural convection tower in the previous
analysis shows that the pressure drop across the turbine (Apt) and the
conversion efficieacy increase with tower height. As illustrated in
Figure 2-2, the conversion efficiency is a linear function of height approxi-
mately equal to 3.4%/km (1.0%/1000 ft).

The tower in a heated natural convection system can also be used as a solar
energy collector. The effectiveness of heat added to the tower can be ana-
lyzed by substituting

(2-10)

9in = PatAeVeCpa (8T, + AT pyer)

for Eq. 2-3. The simple form of Eq. 2-10 is due to conservation of mass.
Equation 2-4 then becomes

Apt

n = T T °
‘Otdcpd(A h +a tower)

(2-11)
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10} )
s 8r
= A Ta = 288.15 K
P = 101.83 kPa
ol Dry Adiabatic
Atmosphere
O l 1 | i I 1 ]
0 500 1500 2500 3500

Tower Height (m)

Figure 2-2. Heated Natural Convection Tower Performance
as a Function of Tower Height

A plot of heated natural convection tower performance versus the fraction of
total heat collection provided by the tower is shown in Figure 2-3. Solar
energy collection by the tower is assumed to be constant with height.

The results indicate that the heat input to the tower is less effective and
adversely affects overall conversion efficiency. As shown above, heated
natural convection tower performance is strongly dependent on height. Hence,
any heat dinput to the system above base level would be less effective, and,
consequently, overall counversion efficiency decreases with the use of the
tower as a solar collector. Although using the tower as a solar collector
would increase heat input and, hence, power output, the projected area of the
tower would normally be small compared with the solar collector area at the
base of the system, thus limiting the relative collection capacity of the
tower., Depending on the tower as the dominant or sole energy collection
system would not only reduce conversion efficiency, it would also severely
limit power output,



S=RN & TR-1950

1.2+ -

1.0 ®
= 0.8
S
3 0.6 304.8 m (1000 ft)

0.4 Ta = 28815K

P, = 101.3 kPa
0.2-  Dry Adiabatic Atmosphere
O i l i l 1 I i ! £ !

0 20 40 60 80 100
A Ttower
(A Th + A Ttower)

x 100%

Figure 2-3. Heated Natural Comnvection Tower Performance vs. Percentage
of Total Solar Energy Collection Provided by the Tower

2.3 FENVIRONMENTAL PARAMETERS AFFECTING HEATED MNATURAL CONVECTION TOWER PER—
FORMANCE

Because a natural convection tower exploits the energy differential between
the flow within the tower and the ambient atmosphere, the performance of the
system would be sensitive to atmospheric conditions. Thus, analysis of a
hieated natural convection tower requires modelling differing atmospheric con-
dirions and resulting effects on performance. Relevant parameters include the
vertical temperature gradient or lapse rate (-dT/dz), initial pressure (pA)
and temperature (TA), and relative humidity (rA), More detailed treatments of
the atmospheric thermodynamics employed by this analysis are available in
Refs. [1] and [2].

2.3.1 Lapse Rate Effects

Although the earth's atmosphere is a complex, dynamic environment, a simpli-
fied dry air atmospheric model, based on constant temperature lapse rates
(N = =dT/dz = constant), illustrates the effects on performance of varying the
vertical gradients of atmospheric temperature and pressure. The resulting
temperatures and pressures are given by

T(z) = Ty - Az (2-12)

and
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l/KRd
p(z) = (1 = Az/Ty) Pa » (2-13)

respectively. Equations 2-12 and 2-13 are derived in Appendix B and can be
substituted for Egqs. 2-6 and 2-7 in calculating ideal heated natural convec-—
tion tower performance. The conversion efficiency in a dry adiabatic atmo-
sphere can be obtained with Eqs. 2-12 and 2-13 by employing the dry adiabatic
lapse rate, Xa = 9,76 K/km (5.36 R/1000 ft). Note that the NACA Standard
Atmosphere [1]‘%as a lapse rate of 6.49 K/km (3.56 R/1000 ft). A dry adia-
batic atmosphere is neutrally stable; i.e., xad is the maximum stable lapse
rate. Lapse rates greater than A 4 evidence an unstable atmosphere and are,
therefore, precluded from the present study, although the tower could con-
ceivably produce without the addition or extraction of heat in an unstable
atmosphere.

Heated natural convection tower performance for differing lapse rates in dry
air is shown as a function of temperature increase in the solar collector
(ATh) in Figure 2-4. These results demonstrate that conversion efficiency is
maximized and independent of ATy, for a dry adiabatic atmosphere. In contrast,
the efficiencies obtained for absolutely stable atmospheres (A < Kad) are
dependent on ATy, going to zero as AT, (1/2)zE (n a- A), and asymptotically
approaching the dry adiabatic result as ATy » =. ATy = zg(A 4 - M) represents
the heat "loss" in the atmospheric leg (E~A) of the thermodynamic cycle. For
ATh = -AT_ = (1/2)ATy, 8p, = 0 and n = 0, while for AT, = AT,, AT, = 0 and 7
is one-half of the adiabatic conversion efficiency for all A. As ATy + =,
ATK/KIh + 0, thus minimizing the adverse effect of heat loss in the nonadi-
abatic atmosphere. However, since the heat loss is directly proportional to
zg, this effect increases with tower height, as shown in Figure 2-5.

2.3.2 TInlet Atmospheric Conditioms (p, and T,)

All of the results presented previously are based on an atmospheric pressure
pp of 101,325 Pa (2116.2 psf) and a temperature TA of 288.15 K (518.7 R) at
the ground level inlet to the solar energy collection system. Repeating the
calculations with varying inlet atmospheric conditions leads to the conclusion
that heated natural convection tower performance is independent of pp but
dependent on T,. Inspection of Egqs. 2-6, 2-7, 2-12, and 2-13 shows that
T(z)/Ty,, p(z)/p,, and thus Ap, are functions of T, but independent of py.
Ideal couversion efficiency versus inlet temperature (TA) in a dry adiabatic
atmosphere 1is shown in Figure 2-6 and dindicates that the heated natural
convection tower would achieve a higher performance in a cooler climate.
However, the increase is relatively insignificant, and a high insolation level
would be more important in siting the system.

2.3.3 Bamidity Effects

The presence of ambient humidity or water vapor requires modification of the
physical constants used in the analysis. The necessary equations are

om

1

(1 + 0.87 m)c (2-14)

pd ?

R

(1 + 0.61 m)Ry , (2~-15)
and
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= 9.76 K/km 2
1.2r A = 7.5K/km
1.0F
;\3 0.8¢

A = 2.5 K/km
A = 5.0 K/km

0.4} Zp = 304.8 m (1000 ft)
ool Th = 288.15K
Pa = 101.3 kPa

O ] { | 1 ! ! 1 L J

0 5 10 15 20 25

A Ty, (K)

Figure 2-4. Heated Natural Convection Tower Performance vs. Air Flow
Rate (al/ATh) for Different Lapse Rates. (A= 9.76 K/km
is adiabatic lapse rate,)

1.2r zp = 304.8 m (1000 ft)

003273

1.0} —
S 0.8F Zo = 914.4 m (3000 ft)
e Zp = 609.6 m (2000 ft)
S 06
[}
=04 A = 7.5 K/km (4.115 R/1000 ft) ;2
0.2 Ta = 288.15 K ]
' P, = 101.3 kPa g
O i 5 i s H L i 1 ]
0 5 10 15 20 25

ATy (K)

Figure 2-5. Heated Natural Convection Tower Performance vs. Alr Flow
Rate (al/ﬂTh) for Different Tower Heights and a Stable,
Nonadiabatic Lapse Rate of 7.5 K/km
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Nideal (0/0)
N
|

Zp = 304.8 m (1000 ft)
0.4k Pa = 101.3 kPa
Dry Adiabatic Atmosphere
0 : ! : | : ] ; ] \ ]
240 260 280 300 320 340

Ta (K)

Figure 2-6. Heated Natural Convection Tower Performance vs. Inlet
Temperature of the Solar Energy Collection System

(1 + 0,87 m) -
Yo © (1 +0.97 m) 'd ’ (2-16)
where m is the mixing ratio:
o = mass of water vapor _ Py . (2-17)

mass of dry air Pd

For unsaturated moist air in an adiabatic atmosphere, dm/dz = 0. Relative
humidity is related to the mixing ratio by

r=-—, (2-18)
B
where m_. 1is the saturation wmixing ratio. Equatioms 2-14 through 2-17 are
derived in Ref. [2].

Substituting the physical constants for an air/water vapor mixture in the
analysis of heated natural convection tower performance yields little varia-
tion from the dry air results. As m is normally wmuch less than 0.04, the
effects of humidity on performance are insignificant. For example, reiterat-
ing the previous sample calculation assuming m, = 0.005, which is sufficiently
low to prohibit saturation, produces no significant change in the ideal per-
formance predicted for a heated natural convection tower, Saturated condi~-
tions iwmply low insolation levels (cloudy conditions); thus, they are
precluded from this analysis.

11
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SECTION 3.0

COOLED NATURAL CONVECTION TOWERS

The thermodynamic cycle modelling an ideal cooled natural convection tower in
an adiabatic atmosphere is shown in Figure 3-1. As for the heated tower, all
losses are assumed to be =zero, all heat exchange and work processes are
assumed to occur at 1007 efficiency, and dynamic pressure effects are
neglected. However, with the use of evaporative cooling, humidity effects are
significant.

The thermodynamic states A,B,C,D, and E in Figure 3-1 correlate with the iden~-
tically labeled positions in Figure 1-2. Dashed lines denote thermodynamic
processes taking place within the atmosphere external to the tower. The five
processes forming the thermodynamic cycle are

1.

2.

Variation of ambient temperature and pressure with altitude for an
unsaturated (dm/dz = 0) adiabatic atmosphere [Leg A-B].

Evaporative cooling of inlet air at constant wet-bulb temperature to a
saturated state. Assuming that the injected water is at the wet-bulb
temperature of the inlet air, the cooling process is isenthalpic as well
as iscobaric. Thus, the total heat remains constant, but the intake air
temperature is reduced, resulting in a downward buoyant force [Leg B-C].

X

LRV Ra

De Wout (adiabatic)
gin(isobaric)

Pressure

L o
S olg
@ SI<
S §ig
s s
@ m/

&
__..l _BJ%
out (isobaric)

o

Temperature

Figure 3-1. Schematic of the Thermodynamic Cycle for an Ideal Cooled Natural

Convection Tower. (Dashed lines represent atmospheric processes,)
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3. Adiabatic, isentropic compression of the flow within the tower upstream
of the turbine. The dry-~bulb air temperature increases and the relative
humidity decreases in the descending flow [Leg C-D].

4. Power extraction by adiabatic, isentropic expansion through a turbine.
Turbine, transmission, and generator losses are neglected [Leg D-E].

5. Isobaric heating of the flow exiting at the bottom of the tower
[Leg E-A],

A discussion of evaporative cooling can be found in Ref. [3]. Assuming that
the injected water is at the wet-bulb temperature, necessary for purely evap-
orative cooling, simplifies the analysis. Other water temperatures would have
negligible effects on conversion efficiencies, although the reduction in air
temperature, and hence the power output (Wout)’ would be affected. Note, how-
ever, that the wet-bulb temperatures obtained in this study are only slightly
above freezing; thus, they essentially provide the upper limit to heat extrac-
tion from the intake air flow. 1In general, the relative effects on both power
conversion efficiency (7m) and magnitude (w ut) must be differentiated in ana-
lyzing cooled natural convection tower performance.

3.1 TIDEAL CONVERSION EFFICIENCY OF A COOLED NATURAL CONVECTION TOWER

The thermodynamically rigorous definition of cooled natural convection tower
performance is given by Eq. 2-1, with a modification to account for the power
needed to pump the required water to the top of the tower. However, the effi-
ciency of greater interest is based on the heat extraction (qout) from the
inlet air at the top of the tower; i,e.,

Yout ~ ¥
n= q PUTp . (3"’1)
out
As for the heated tover, Yout? the turbine power output is given by Eq. 2-2:
Yout ~ AtvtApt *

The ideal or minimum pumping requirements can be related to the intake air
flow rate by

Yoump = Am (pumping required/kgwater) m air? (3-2)

where mai = P, ; and Am, the mixing ratio increase during the evaporative
cooling process éﬁc - mB), is the amount of water per kg of air necessary to
achieve saturation. p,, 1s based on the mixing ratio of the inlet air; i.e.,

ptm = (1 + mB)ptd ° (3'—'3)

mp is used in Eq. 3-3, because éair does not include water vapor added during
the evaporation process. The heat extracted by the evaporative cooling is
given by

dout = pthtVtcpmATc . (3-4)

14
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Only the heat loss of the intake air needs to be calculated, because the water
injected into the flow is assumed to be at the wet-bulb temperature. Thus,
for Eq. 3-4, Prp 1is provided by Eq. 3-3 and c o is given by Eq. 2-14, with
m = mg. Combining Eqs. 2-2, 3-2, 3-3, and 3-4 with Eq. 3-1 yields

b - (glg )y = mp)(zy = 2,0(1 +mpdp,
(1 + mB)ptd(l + 0.87 mB)cpdATc

n = . (3~5)

The calculation of cooled natural convection tower performance, based on the
ideal thermodynamic cycle shown in Figure 3-1, proceeds similarly to that of
the heated tower. The initial counditions and physical counstants used in the
analysis are

Pp = Pg 101,325 Pa (2116.2 psf);

T, = 288.15 K (518.7 R);

zg = zp = 304.8 m (1000 ft);

I‘A = 20%;
de = 1005 Nt-m/kgK(186.8 ft—lbf/lme);
Yq = de/cvd = 1.40; and

Ry = 287.05 Ne-m/kgK (53.35 ft-1bg/1b R),
where p, and T, are based on the NACA Standard Atmosphere [1].

For the dnitial conditions chosen, the mixing ratio of my = 0.0021 can be
obtained from a psychrometric chart [3] developed for the base level pressure
of 101,325 Pa {2116.2 psf). Equations 2-15 and 2~16 then yield R = 287.4
Nt-m/kgk (53.4 ftwlbfllme) and v, = 1.400, respectively. From Eq. 2-6, with
Py = Pao> TO = T,, and Z, = Zp = 0, pg is given by

- Ym/(Ym - D
- (/g )y - 1)(zp - 2,)

p P
B YR T, A

f

(3-6)

[

97,717 Pa (2040.9 psf) .

Ty, the dry-bulb temperature at height Zg s is obtained from Eq. 2-7; i.e.,

. (Ym - 1)/Ym
T = | B
B Pa A (3-7)

= 285.2 K (513.4 R) .
With an unsaturated atmosphere, mg = my = 0.0021.

For a dry-bulb temperature of 285.2 K (513.4 R) and a mixing ratio of 0.0021,
the wet-bulb temperature is 277.4 K (499.3 R). This result is obtained by

15
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interpolation between the base-level psychrometric chart and a psychrometric
chart developed for an altitude of ~610 m (2000 ft) [4]. However, using only
the base~level chart would introduce little error into the calculations for
tower heights less than ~610 m (2000 ft).

Isobaric, isenthalpic, evaporative cooling to saturation would yield T
277.4 X (499.3 R) with P = pg = 97,717 Pa (2040.9 psf) and mz = 0.0053. R
and v  for a mixing ratio of O 0053 are 288.0 Nt-m/kgK (53.5 ft-1bg/1b R) and
1.399, respectively. The flow is saturated only at the top of the tower,
becoming increasingly unsaturated while descending within the tower. Hence,
mp = me, and Egs. 2-6 and 2-7 can again be used to obtain pp = 101,420 Pa
(2118 I psf), Ty = 280.4 K (505.1 R), and Ty = 280.3 K (504.9 R).

From Eq. 3-5, the ideal conversion efficiency based on the heat extraction at
the top of the tower is

(pD - pE) - (g/gc)(mC - mB)(zB - zA)(l + mB)ptd

n= ——
(1 + mB)ptd(l + 0.87 mB)cpd(TB T))

(101,420 - 101,325) Nt/m2 - 12 Nt/m2

. (100%)
(1,258 kg/m>)(1006.8 Nt-m/kgK)(7.8 K)
= 0.84%,
where w o = (0.0032)(9.8 m/s?)(304.8 m)(1.258 kg/m)

12 Nt/m? .

it

The mean dry air density of 1.255 kg/m (0.0786 1b /ft3) for the flow through
the turbine is obtained from the perfect gas equat10n° i.e., Prg = pt/Rth,

where P and T are the mean turbine air pressure and temperature,
respectively.

Neglecting the pumping requirements and basing the efficiency on q;_, the heat
added to the exhausted flow, yields a conversion efficiency of 0.95%. The
Carnot efficiency, given by Eq. 2-5 with Ty substituted for Tg, 1is 1.03%.
Thus, the addition of water vapor during the evaporative cooling process has a
small but adverse effect on the ideal cooled natural convection tower
performance.

3.2 TOWER HEIGHT EFFECTS ON COOLED HATURAL CONVECTION TOWER PERFORMANCE

Cooled natural convection tower performance is also strongly dependent on
tower height. As shown in TFigure 3-2, the ideal conversion efficiency
increases as a linear function of height equal to ~2.75%/km (0.85%/1000 ft).
The lower result relative to the heated natural convection tower is due to the
addition of water vapor in the evaporative cooling process and associated
water pumping losses. Without the pumping losses, the ideal conversion effi-
ciency is ~3.1%/km (0.95%/1000 ft).
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Figure 3-2., Cooled Natural Convection Tower Performance
as a Function of Helght (zB)

Evaporative cooling of the flow within the tower would decrease the overall
conversion efficiency yet increase the total heat extraction from the airflow
and, hence, the power output of a cooled natural convection system. Because
the conversion efficiency for any increment of heat extraction is dependent on
the height of the extraction point, evaporative cooling within the tower adds
fo the downward buoyvant forece, but less effectively than the evaporative cool-
ing at the ftower top inlet. However, the increase in power output due to
evaporative cooling within the tower would be relatively small. For the pre-
vious sample calculation, the power increase would be less than 10Z. This
result is obtained by replacing TD with itsg corresponding wet bulb temperature
in the previous sample calculation.

3.3 ENVIROHMENTAL PARAMETERS AFFECTING COOLED RATURAIL CORVECTION TOWER PER-
FORMARCE

Analysis of a cocled natural convection tower also requires modelling differ—
ent atmospheric conditlons to determine the resulting effects on performance.
The relevant parameters again include lapse rate (~4T7/dz), initial pressure
{pA) and temperature {'?.‘A)9 and awmbient relative humidity (rA).

3.3.1 Initial Atmospheric Conditions (p, and T,)

Varying the initial pressure and temperature used in the cooled natural con—
vection tower analysis shows that performance is independent of Py but depen—
dent on T,. 4As for the heated tower, T(z)/Ty, p(z)/pA, and Ap, are functions
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of T, but independent of p,. A plot of cooled natural convection tower per-
formance versus T, for an adiabatic atmosphere is shown in Figure 3-3. Fig-
ure 3-3 indicates that the cooled natural convection tower would also achieve
better efficiencies in a cooler climate, However, power output would decrease
as TA decreases because of diminished heat extraction.

3.3.2 Lapse Rates and Humidity Effects

The combined effects of the vertical temperature gradient or lapse rate and
the relative humidity are of particular importance for cooled natural convec-—
tion towers. As can be seen in Figure 3-4, the ideal conversion efficiency
of a cooled tower is independent of ambient relative humidity in an adiabatic
atmosphere. However, humidity effects are increasingly adverse as the lapse
rate decreases in the absolutely stable range (A < A ). Also note that, for
any lapse rate, power output must necessarily go to zero as the ambient rela-
tive humidity at the tower inlet approaches 100%. Thus, cooled natural con—
vection tower performance 1is adversely affected by high ambient relative
humidity and/or low lapse rates.

18
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Figure 3—4. Cooled Natural Convection Tower Performance vs.
Atmospheric Temperature Gradient (A = —dT/dz)
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SECTION 4.0

SUMMARY AND CONCLUSIONS

Use of the natural convection phenomenon for energy conversion has been ana-—
lyzed for both heated (ascending) and cooled (descending) flows within a tower
or chimney. However, the results are applicable to any open—cycle configura-
tion. The heated tower flow can be produced by direct collection of incident
solar energy. Evaporative cooling with water can be employed as a cooling
mechanism for the cooled natural convection tower.

Natural convection tower performance is most strongly affected by tower
height. TFor the heated tower, the ideal couversion efficiency increases at
~3,4%/km (1.0%/1000 ft). Cooled tower performance increases at the lower rate
of ~2.75%/km (0.85%/1000 ft) because of the addition of water vapor in the
evaporative cooling process and water pumping losses.

Ambient atmospheric conditions such as a very stable lapse rate and a high
relative humidity can have significantly adverse effects on natural convection
tower performance. The ideal conversion efficlencies of both heated and
cooled towers decrease as the lapse rate, or vertical temperature gradient,
decreases within its stable range. Maximum performance is achieved for an
adiabatic atmosphere corresponding to the maximum or neutrally stable lapse
rate. Increases in amblent relative humidity significantly affect cocled
natural convection tower performance, both by limiting heat extraction from
the intske airflow and by reducing the ideal conversion efficiency for abso-
lutely stable lapse rates. Analysis also shows that ideally, natural convec-—
tion towers would provide higher conversion efficiencles in cecoler climates,
yet would produce less power because of lower insolation levels for the heated
tower and diminished heat extraction from the cooled tower,

To determine the economic potential of natural convection towers, a cost study
would be needed, However, some conclusions can be drawn from this study
regarding performance limitatioms with significant economic impacts. For
example, the low conversion efficiencies of heated unatural convection towers
would necessitate a very large solar collector area for useful power output
levels. Thue, solar collector costs and associated land requirements may
severely limlt the potential of heated natural convection towers. Similarly,
the cooled natural convection tower would be most efficient in a low-humidity
environment. However, except 1in coastal regions, low humidity and abundant
water supplies usvally are mutually exclusive, which limits the applicability
of cooled natural convection towers. Note also that both performance and cost
for natural convection towers increase with tower height. Further analysis
would be needed, then, to ascertain the most cost—effective tower height.
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SECTION 5.0
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APPENDIX A

VARIATION OF PRESSURE AND TEMPERATURE WITH HEIGHT FOR A
DRY ADIABATIC ATHMOSPHERE

The variation of pressure and temperature with height for a dry adiabatic
atmosphere can be derived from the ideal equation of state for dry air,

the Poisson equation for an ideal adiabatic process using air,
pvl = k = constant , (A~-2)

and the hydrostatic equation,

dp = - p [5—} dz . (A-3)
d|g
c
Ry» the specific gas constant for dry air, is given by
Rq = 5—= 287.05 J/kg/K , (A-4)
d

where My = 28.97 kg/mol is the molecular weight of dry air.

Using the relation v = 1/p, Eq. A-2 can be modified to provide

p1/Yd

. (A-5)
g

Pq

Substituting Eq. A-5 into Eq. A-3 and integrating, gives

p(z) z
~-1/vd g
= - d
b e e
A c A
or
Yd 1 Yd_l
Y Y Y
d d d - _ _
V| p(z) "PA —-———1—77—(2 ZA) . (A-6)
d gck d
Combining Egs. A-1 and A-2 yields
/ / 1-yq
1/va 1/v4 =78
= = o A._
k Py (R T, /Py) = Py RTa (A-7)

Substituting Eq. A-7 into Eq. A-6 and rearranging then gives
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yd-l/Yd Yd—l/yd —(Yd-—l)g
pAl_Yd/Yd (P(Z) - PA = m (Z - ZA) Y
or
(v,Dg(zz,) | Ya/ (a7
p(z) = |1 - gchRdTA Py . (A-8)

With p(z) determined, the corresponding T(z) is derived from Eq. A-7; i.e.,

~1=y, /Y L=y, /Y
PA ' d _ RdTA = p(z) d"'d RdT(z) ,
or
[z a7ty _
T(2) _[—-—-pA } dTA . (A-9)
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APPENDIX B
VARIATION OF PRESSURE AND TEMPERATURE WITH HEIGHT AS A FUNCTION OF
LAPSE RATE (A = —dT/dz)

The change of pressure and temperature with height for varying lapse rates
(A = =dT/dz) can be derived by employing the ideal equation of state for dry
air,

pv = Rd’l‘ , (B-1)

and the hydrostatic equation,

dp = P4 [%—:l dz . (3-2)

c
For a given lapse rate, T(z) is given by

T(z) = Ty - Az , (B-3)
where T, is the temperature at z = z,. Combining Eq. B-2 with Eq. B~3 gives

Py
dp = T dTr . (B-4)
c

Using Eq. B~1 and the relationship p = 1/v, Eq. B-4 then becomes

gp
dp = —Z5—r dT ,
gCXRdT
or
dp g dT
— = — B-5
P gc}\Rd T ( )

Integrating both sides of Eq. B-5 yields
1n (p(z)/p ) = —£ __1n (T(z)/T ) .
A ARy A

or (B-6)

Substituting Eq. B-3 for T(2z) then gives

/g AR
g gC d (B_.7)

Az
) pA .

p(z) = (1 - =—
Ta
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